We purified the major outer membrane protein (MOMP), which is the most abundant OMP (with an apparent molecular mass of 40 kDa), from Haemophilus somnus strain 8025. The method involves solubilization of the MOMP with Zwittergent 3-14 and further purification accomplished by ion-exchange and molecular-sieve chromatographies. The amino-terminal sequence of the MOMP showed considerable similarity to those of porin proteins from other gram-negative bacteria. The MOMP of H. somnus is immunogenic to rabbits and calves. Hyperimmune sera from rabbits and calves reacted with both the MOMP and lipopolysaccharides in enzyme-linked immunosorbent assay (ELISA) and immunoblot analysis. The rabbit antiserum to the MOMP was cross-reactive with whole-cell preparations from strains 8025, D1238, NT2301, and 540 at a band with a molecular mass of 40 kDa in immunoblot analysis, although the reactivity of the rabbit antiserum with strain 540 was lower than those with the other strains tested. Two murine monoclonal antibodies (MAbs) to the MOMP were developed. ELISA with the OMP fractions as the antigens showed that one MAb was cross-reactive with the four strains but that the other MAb was reactive with the three strains other than strain 540. These results indicate that the MOMP of H. somnus possesses at least two antigenic determinants and that the MOMP of strain 540 is antigenically different from those of the other strains. The antigenic heterogeneity of the H. somnus MOMP has implications regarding the development of a serotyping system with MAbs that is based on the MOMP epitopes.
Haemophilus somnus is widely distributed throughout the world and causes a variety of diseases, including thromboembolic meningoencephalitis, pneumonia, and reproductive disorders in cattle (10) . With the recognition of H. somnus as an important bovine pathogen, studies are currently under way to understand the pathogenesis and epidemiology of infection due to this bacterium.
H. somnus appears to lack a capsule, pili, and any surface structures other than outer membranes (21) , so outer membrane proteins (OMPs) are thought to be important in the interactions between this organism and its host. Over the past years, several H. somnus OMPs have been investigated as potential vaccine candidates, virulence factors, and diagnostic antigens (2) .
Studies of other gram-negative bacteria demonstrated that the major OMP (MOMP), which represents the most abundant OMP in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), is protective and shows some degree of antigenic heterogeneity among different strains (15, 22) . The outer membrane of H. somnus contains the MOMP, which has an apparent molecular mass of 41 kDa (3); however, little is known about the characteristics of the MOMP of H. somnus. Therefore, we sought to purify the MOMP of H. somnus in order to characterize the MOMP.
We report here a method for purification of the H. somnus MOMP, determination of the amino-terminal sequence of the purified MOMP, and antigenic characterization of the H. somnus MOMP. MATERIALS somnus 8025 was originally isolated from a case of bovine thromboembolic meningoencephalitis in the United States, and strain 540 was isolated from a case of bovine abortion in Switzerland (4) . H. somnus D1238 and NT2301 were from our laboratory collections and were isolated in Japan from cases of bovine thromboembolic meningoencephalitis and bovine pneumonia, respectively. Bacteria were stored at -70°C in brain heart infusion broth (Difco Laboratories) containing 20% (vol/vol) glycerol. Bacteria were plated from frozen stocks on brain heart infusion agar (Difco Laboratories) plates containing 5% (vol/vol) bovine blood and 0.5% (wt/vol) yeast extract (Difco Laboratories) and then incubated at 37°C in 7% CO2. Broth cultures were prepared in brain heart infusion broth supplemented with 0.1% (wt/vol) Tris and 0.001% (wtlvol) thiamine monophosphate as described previously (5) . Cells were harvested by centrifugation and stored at -70°C.
Preparation of OMP fractions. N-Lauroylsarcocine (Sarkosyl [Sigma])-insoluble OMP was prepared as described previously (5) . Frozen cells (about 20 g [wet weight]) were suspended in 50 ml of 50 mM Tris-hydrochloride buffer (pH 7.8) containing 2 mM MgCl2 and sonicated for 3 min in 15-s bursts in an ice bath. After the sonicated cell suspension was centrifuged at 10,000 x g for 15 min to remove cell debris, the supernatant was centrifuged at 230,000 x g for 70 min at 4°C. The pellet was suspended in 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 7.4) and extracted with an equal volume of 2% (wt/vol) Sarkosyl in 10 mM HEPES buffer for 20 12 .5% separating gel with the discontinuous buffer system described by Laemmli (11) . The gels were stained with 0.25% (wt/vol) Coomassie brilliant blue R-250 (Merck) in 50% (vol/vol) methanol-10% (vol/vol) acetic acid and then destained with 10% (vol/vol) methanol-7.5% (vol/vol) acetic acid.
Amino-terminal sequencing. The purified MOMP was electrophoresed by SDS-PAGE. After electrophoresis, the method of Matsudaira (12) was followed, with modifications. The MOMP was transferred to a polyvinylidene difluoride membrane sheet (Fluorotrans; Pall) in transfer buffer composed of 25 mM Tris, 192 mM glycine, 0.02% (wt/vol) SDS, and 20% (vol/vol) methanol, as described previously (7), at 100 V for 3 h by using a blotting apparatus (Mini Protean system; Bio-Rad Laboratories). After the MOMP was transferred, the membrane was washed extensively in deionized water and stained with 0.1% (wt/vol) Coomassie 
RESULTS
Purification of the MOMP. The Zwittergent 3-14-soluble fraction was applied to a DEAE-Sephacel chromatography column with a 0 to 0.5 M NaCl gradient (Fig. 1) . The MOMP eluted in one peak between 0.21 and 0.28 M and thus can be separated from a major contaminant which eluted earlier in the gradient (Fig. 1) . The next step of the purification procedure was the application of the ion-exchange-purified material to a molecular-sieve chromatography column. The MOMP eluted from a Sephacryl S200 HR column in the first peak (Fig. 2) . The protein profile by SDS-PAGE revealed that this peak was essentially pure MOMP (Fig. 3) (Fig. 4) . The first 16 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The column was washed with the same buffer and the bound proteins were eluted in 1.2-ml fractions with a linear gradient of 0 to 0.5 M NaCl. Fractions were assayed for protein concentration (solid line) by the bicinchoninic acid method (21) and for NaCl concentration (dashed line) by measuring conductivity. SDS-PAGE analysis revealed that the MOMP was in the major peak, eluting at between 0.21 and 0.28 M.
response to the purified MOMP of strain 8025 increased greatly in rabbits and calves after the course of injections of the purified MOMP, as measured by ELISA (Table 1) . There was also a large increase in the antibody response to the purified LPS of strain 8025 in the hyperimmunized rabbits and calves. It is therefore clear that the purified MOMP preparation contained some LPS. To assess whether the antibody bound in the anti-MOMP ELISA was really anti-MOMP or was predominantly anti-LPS, the reactivity of anti-MOMP serum was tested by immunoblot analysis with whole bacteria of strain 8025 as the antigen. The antiserum reacted with both the MOMP and LPS, although the intensity of the reaction with the MOMP was higher than that with the LPS (Fig. 5) (n = 2) in each group of three experiments. Sera were diluted to 1:500.
Peroxidase-conjugated goat anti-rabbit IgG and peroxidase-conjugated goat anti-bovine IgG were diluted to 1:12,000 and 1:10,000, respectively. hyperimmune sera really contained antibodies directed to both the MOMP and LPS. To compare the antigenicities of MOMPs from different strains, the cross-reactivity of rabbit antiserum was tested with whole-cell antigens of strains 8025, D1238, NT2301, and 540 in immunoblot analysis. The antiserum reacted with the four strains at a band with a molecular mass of 40 kDa, but strain 540 showed a lower intensity at the band (Fig. 6A) . To analyze antigenic determinants on the MOMP, MAbs directed to the MOMP were produced. The isotypes of MAbs 57-16-2 and 68-4-3 were identified as IgG2a and IgGl, respectively. In immunoblot analysis with whole bacteria of strain 8025 as the antigen, MAb 68-4-3 recognized a single band with a molecular mass of 40 kDa (Fig. 6B, lane 1) ; however, MAb 57-16-2 did not react with any band (data not shown). To determine whether the two MAbs recognize the MOMP, they were tested in ELISA with the purified MOMP and LPS from strain 8025 as the antigens. Both reacted with the purified MOMP alone ( Table 2) . The cross-reactivity of the MAbs with the four strains was tested by ELISA and immunoblot analysis. MAb 57-16-2 reacted with the four strains in ELISA (Table 2) but not with the four strains in immunoblot analysis (data not shown). MAb 68-4-3 reacted with the three strains other than strain 540 in both tests ( purified MOMP reacted extensively with the MOMP in ELISA and immunoblot analysis. The H. somnus 41-kDa MOMP described previously (3) appears to be same as the 40-kDa MOMP in the present study because H. somnus possesses the single most abundant OMP with a molecular mass of nearly 40 kDa. However, the previous study demonstrated that the 41-kDa MOMP of H. somnus was not recognized by bovine convalescent serum and bovine hyperimmune serum with whole formolized H. somnus in immunoblot analysis (3). The reason for the lack of response of the bovine sera to the MOMP in the previous study has not been determined. The immunogenicity of the native MOMP in bacterial cells may be different from that of the purified MOMP. If the native MOMPs elicit only the antibodies directed to the epitopes which are denatured in immunoblot analysis, the immune response of animals to the MOMP cannot be detected. In fact, the MOMP possesses an antigenic determinant to which MAb 57-16-2 binds in ELISA but not in immunoblot analysis.
The biological activity of the antibodies to the H. somnus MOMP remains to be determined. The antibodies to porin proteins of H. influenzae (8, 15, 16) and Neisseria gonor- (1, 20) ; however, the molecule on which the antigenic differences reside has remained to be determined. The data in this study indicate that the MOMP of H. somnus shows antigenic heterogeneity among different strains and that there are at least two antigenic determinants on the MOMP molecule. The strain specificities of the MAbs have implications regarding the feasibility of developing a serotyping system with MAbs that is based on MOMP epitopes. The establishment of a serotyping system for H. somnus based on MOMP epitopes would provide a better understanding of the immunological and molecular bases of the epidemiology of H. somnus infection.
